Bandgap engineering in perovskite oxides: Al-doped SrTiO 3 The integration of functional perovskite oxides on semiconductors such as silicon and germanium presents possibilities for achieving both improved performance in standard field effect transistors, as well as obtaining hybrid electronic devices where environmental sensitivity can be directly coupled to the charge density in the semiconductor.
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SrTiO 3 was originally envisioned as a replacement gate dielectric for scaled CMOS technology because of its very high dielectric constant of $300 at room temperature. 6, 7 However, one critical issue that prevented this technology to be developed is the absence of the conduction band offset between Si and SrTiO 3 (STO), making SrTiO 3 unsuitable for use as a gate dielectric. [8] [9] [10] Many workers have proposed methods to increase the conduction band offset of STO with Si, including insertion of high band offset buffer layers [11] [12] [13] and modifying the interface oxygen stoichiometry.
14, 15 Here, we report direct epitaxial growth of Al-doped SrTiO 3 on Si by molecular beam epitaxy (MBE), with Al concentrations of 10% and 20%, and demonstrate using spectroscopic ellipsometry (SE) and electron energy loss spectroscopy (EELS) that the bandgap of Al-doped SrTiO 3 is increased by $0.3 eV over undoped STO. We further demonstrate using leakage current measurements of capacitor structures that Al-doping decreases the leakage current of STO on Si by about six orders of magnitude at a field of 1 MV/cm. Using density functional theory (DFT) and tight-binding (TB) analysis of the effect of Al substitution for Ti in STO, we attribute the bandgap increase to the narrowing of the conduction band width, resulting in the bottom of the conduction band being shifted higher in energy, away from the valence band top.
Al-doped SrTiO 3 was grown on both Si(001) and LaAlO 3 (001) substrates using MBE. Sr, Ti, and Al are all deposited using effusion cells operated at approximately 425, 1780, and 1010 C, respectively, resulting in a flux of about 1 monolayer per minute. The film stoichiometry is controlled by shuttering the metal sources for the appropriate length of time during the growth. The metal fluxes are calibrated using a quartz crystal thickness monitor with feedback from in situ x-ray photoelectron spectroscopy (XPS) measurements of the film composition. During the growth, the samples are monitored by reflection high energy electron diffraction (RHEED) using an electron energy of 18 keV at a glancing angle of $3
. Growth on Si is performed at a substrate temperature of 500-550 C under an oxygen partial pressure of 4-5 Â 10 À7 Torr. These particular growth conditions have previously been found to result in a SiO x layer thickness of <1 nm for undoped STO as measured by cross-section transmission electron microscopy. For the growth of Al-doped STO, the Sr shutter is held constantly open while the Ti and Al shutters are opened alternately to achieve the desired Al doping concentration. The total growth rate is $4 Å per min. Prior to growth, prime n-type Si substrates (cut into 20 Â 20 mm 2 pieces) are degreased and then exposed for 15 min to UV/ozone. The native oxide is removed using Sr-assisted deoxidation, 16 followed by deposition of 1 = 2 monolayer of Sr Zintl template at 550 C. 17 For growth on LaAlO 3 , 5 mm single crystal substrates from CrysTec Gmbh are used. The substrates are degreased and then loaded into the growth chamber for outgassing (650 C in vacuum for 30 min) before the growth of Al-doped STO.
After film growth, Al-doped STO samples are characterized using in situ XPS to determine their composition and electron energy loss spectrum. For film composition analysis, 150 Å -thick samples are used to ensure no photoelectron signal from the substrate is detectable. XPS is performed using a monochromated Al Ka x-ray source and a VG Scienta R3000 electron energy analyzer. The analyzer is calibrated using the Ag 3d 5/2 core level, which is defined to be 368.28 eV. This results in the Fermi level of Ag being located at 0.00 eV. High resolution spectra of the Sr 3d, Ti 2p, O 1s, and Al 2p core levels are measured using a pass energy of 100 eV and a slit width of 0.4 mm. The scan is performed using 50 meV steps and a dwell time of 157 ms per step, with each spectrum measured three times and summed. each region (after subtraction of a Shirley background) are modified using an energy exponent of 0.78, to account for the kinetic energy dependence of the sampling depth. 18 This energy exponent results in a 1:1 Sr/Ti ratio for commercial single crystalline STO substrates using our instrument. Wagner relative sensitivity factors are then used to calculate the composition of the films. 19 In addition to core level spectra, O 1s energy loss spectra were also measured for the Aldoped STO samples to determine zone-averaged bandgaps.
The ellipsometric angles of pure and Al-doped SrTiO 3 films on LaAlO 3 were measured from 0.8 to 6.5 eV at three angles of incidence (65 , 70 , and 75 ) on a J. A. Woollam Co. variable-angle-of-incidence rotating-analyzer ellipsometer, which was equipped with a computer-controlled Berek waveplate compensator. The optical constants of the films were then determined from the ellipsometric angles by solving Fresnel's equations at each wavelength, using the measured film thickness and surface roughness obtained by x-ray reflectivity (Philips X'Pert). A 10% error in thickness causes about a 10% error of the refractive index and the absorption coefficient; and also about a 20 meV error in the onset of the strong absorption (better than electron energy loss spectroscopy). To avoid complications due to substrate critical point absorption effects, films grown on LaAlO 3 were used for the ellipsometric measurements. The dispersion of the LaAlO 3 substrate was taken from the literature. 20 Current vs. voltage (I-V) measurements of capacitor structures were performed on both the undoped and 20% Aldoped STO samples using a Keithley 4200 Semiconductor Characterization System. 90 Å -thick samples were grown on heavily doped n-type Si. 500 Å -thick gold contacts were deposited through a shadow mask using a sputter coater with an array of circular holes of 500 lm in diameter. After contact deposition, the samples were heated in air to 250 C for 20 min. For the back contact, the backside of the Si substrates were scraped with a scalpel and placed on a copper block using a thin layer of liquid In-Ga eutectic alloy in between. The copper block was grounded and the bias was applied to the top electrode using a whisker probe tip.
The samples were characterized using RHEED during and after the growth. RHEED patterns along the h120i zone axis for both the 10% and 20% Al-doped STO samples on Si after the growth of 20 unit cells (78 Å ) are shown in Fig. 1 . Both images show sharp, well-defined streaks indicating the high degree of crystalline order in the films, similar to what we have reported for undoped STO on Si. 21 Immediately after growth, the films are transferred in situ to the XPS analysis chamber where core level and electron energy loss spectra are measured. The Al 2p binding energy is found to be 74.68 eV and the O 1s binding energy is found to be 530.62 eV. An additional weak feature in the O 1s spectrum appears at a binding energy of 532.66 eV, which is not found in undoped STO. Both the Sr 3d and Ti 2p spectra of the Aldoped films are similar to that obtained for undoped STO. Analysis of the stoichiometry shows an Al concentration of 12% and 23%, respectively, for the nominally 10% and 20% doped samples. There is also a measurable deficiency in oxygen of $5-10% suggesting compensated doping. Sheet resistance measurements at room temperature indicate that the Al-doped samples are highly insulating with a sheet resistance larger than 10 9 X/square (the measurement limit of our instrument).
The bandgap was determined from the onset of the energy loss spectra for O 1s photoelectrons. 22 Because plasmon excitations for dielectrics have characteristic energies larger than the lowest valence band to conduction band transitions, the bandgap value for dielectrics can be determined by the onset of energy-loss spectrum of a core level peak. To avoid complications due to spin-orbit pairs and multiplet satellites, the O 1s loss spectrum, which has neither, is typically used for this type of measurement. Because of the relatively large angular acceptance in transmission mode (30 ) and the large wave vector for O 1s photoelectrons, the bandgap value measured by this method is averaged over the entire Brillouin zone. 23 The onset of the energy-loss spectrum was defined by linearly extrapolating the segment of maximum slope to the background level. Fig. 2(a) shows the O 1s energy loss spectra for undoped and Al-doped STO. The core level spectrum was fitted to either two (undoped) or three (Al-doped) components and subtracted from the energy loss spectra for clarity. A Tougaard background 24 was used to model the spectral background, which was also subtracted from the measured signal. The overall features of the spectra are consistent with published results for bulk single crystal STO. 25 For undoped SrTiO 3 , we find the onset of the loss features to be at an energy of 3.7 eV. For both 10% and 20% Al-doped samples, the onset is shifted to lower kinetic energy (higher loss energy) by about 0.3 eV to a value of 4.0 eV with an uncertainty of about 0.1 eV. The energy loss spectra show that substituting Al for Ti in STO results in an increase in the zone-averaged bandgap. Fig. 2(b) shows the calculated absorption coefficient from the ellipsometry measurements as a function of photon energy for the three samples. The data for bulk SrTiO 3 are also shown for comparison. 26 The solid and dotted lines show the absorption coefficient for bulk and thin-film SrTiO 3 , respectively. The dashed lines show the Al-doped SrTiO 3 absorption coefficient. Ellipsometry confirms that the Al doping causes a shift in the absorption edge of STO to higher energies by about 0.3 eV. There is also a decrease in the maximum of the absorption coefficient with Al doping.
The results of the I-V measurements are shown in Fig.  3 . The undoped STO initially shows a moderate leakage of 4 Â 10 À6 A/cm 2 at þ1 V (1.1 MV/cm) bias but rapidly increasing to 3.5 Â 10 À2 A/cm 2 at þ3 V. However, after the first voltage sweep, the undoped STO changes to a higher leakage condition with a leakage current of 8 Â 10 at þ1 V (9 Â 10 À2 A/cm 2 at þ3 V). Additional sweeps do not show any further changes in the leakage current of undoped STO. The change in the leakage current in undoped STO has been observed previously in relation to memristor applications, possibly resulting from voltage-driven movement of oxygen vacancies. 27, 28 On the other hand, the 20% Al-doped STO sample shows a very low leakage of 7 Â 10 À10 A/cm 2 at þ1 V and 8 Â 10 À7 A/cm 2 at þ3 V. This is a six orders of magnitude reduction in leakage current at þ1 V due to the Al-doping. The Al-doped sample also does not show any change in the leakage current between the first sweep and subsequent sweeps, indicating that oxygen vacancies are strongly bound to the Al sites and are not mobile. The low leakage and stability of the I-V measurements for Al-doped STO shows its suitability as a current injection barrier on Si.
We have performed DFT calculations and have analyzed the results using a TB model. The details are given in the supplementary materials. 29 Our main conclusion is that each Al dopant effectively behaves like a Ti vacancy in the energy range of valence and conduction bands, and its main effect on the electronic structure is to block Ti-Ti hopping, which reduces the conduction band width and therefore increases the bandgap. A simple rule, based on TB analysis, to understand the orbitally decomposed density of states (DOS) is given in the supplementary materials.
From the band theory point of view, Al-doped STO is a "hole" metal. Experimentally however, the Al-doped STO is found to be insulating. The as-grown sample is also found to have a significant amount of oxygen vacancies, as quantified using in situ XPS. 30 By comparing undoped STO with Aldoped STO, we find an effective oxygen to metal ratio that is $5-10% lower in the Al-doped films compared to undoped films, suggesting compensation. Based on these observations, we consider theoretically configurations containing two Al and one oxygen vacancy (OV), as shown in Fig. 4 . As discussed in Refs. 31 and 32, the two main effects of OV are to provide two electrons and to lower one of the e g levels of two adjacent Ti atoms. In the case of Al doping, the two electrons provided by an OV fill two holes provided by two Al atoms, so the whole system remains insulating. Also, the t 2g À t 2g * bands are at most only mildly affected since OV mainly changes the e g levels.
Similar to what was found in Co-doped STO, 33 OV and Al are energetically favored to be adjacent to each other because this arrangement facilitates charge transfer between OV and Al. We find that the configuration separating Al and OV is at least 500 meV higher in energy. Two of the configurations we have considered are shown in Fig. 4(a) [Al-OVAl] and (b) [2 Al along the body diagonal and OV]. Note that the OV is chosen to be next to at least one of the Al atoms. In both cases, the system is insulating. The linear Al-OV-Al configuration has the lowest energy in the calculations as the OV is adjacent to two Al atoms. 33 In both cases, the Al and Ti are relaxed away from the OV, consistent with the previous OV calculations at the local density approximation level. 32 The total DOS are very similar to those without OV, leading to either a reduction of DOS near the bottom of the conduction band [ Fig. 4(a) ] or an actual bandgap increase [ Fig. 4(b) ]. 29 It is likely that both configurations are present experimentally since the growth is done at elevated temperatures, resulting in randomization of the Al and OV distribution, which on average, leads to an increase in the bandgap (see also Fig. S2 ). From the theoretical point of view, the higher the Al concentration, the larger the resulting increase in the bandgap. We expect the optimum Al concentration would be the highest that can be incorporated into STO without compromising the crystallinity. In the present study, the 20% Al concentration still shows excellent crystallinity but the optimum concentration could be slightly higher.
We have grown single crystalline, epitaxial Al-doped SrTiO 3 on Si with Al concentrations of $10% and 20% and show that there is a bandgap increase of $0.3 eV using both electron energy loss spectroscopy and spectroscopic ellipsometry. I-V measurements confirm the large reduction in the leakage current of STO on Si (six orders of magnitude) as a result of Al-doping. Theoretical analysis suggests that Al dopants effectively reduce Ti-Ti hopping, behaving in many respects like a Ti vacancy. Due to this reduction of hopping, the Al doped STO has a narrower conduction band width, leading to an enlarged bandgap. This work shows that Al doping is a highly effective method of increasing the bandgap of STO and is expected to be applicable to all titanates, including ferroelectric BaTiO 3 and PbTiO 3 , potentially allowing for bandgap engineering in functional perovskite titanates integrated in semiconductor devices. 
